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Maturation Pathways for E. coli tRNA
Precursors: A Random Multienzyme
Process In Vivo
Zhongwei Li* and Murray P. Deutscher† of multiple exoribonucleases with overlapping specifici-
ties greatly complicated efforts to elucidate whether theDepartment of Biochemistry
University of Connecticut Health Center RNases actually participated in tRNA maturation in vivo.
This problem was partially overcome by the use ofFarmington, Connecticut 06030
mutant E. coli strains inwhich one or more of the RNases
were removed. In one study using such mutants in which
the synthesis of a tRNA suppressor was examined, itSummary
was shown that each of five of the aforementioned exori-
bonucleases (PNPase was not examined) contributedtRNA maturation consists of the specific removal of
to the overall level of suppressor activity in vivo (Reuvenprecursor sequences from both the 59 and 39 termini
and Deutscher, 1993). Moreover, the presence of anyof an initial RNA transcript. How this is accomplished
one of these five RNases (plus PNPase) was sufficienthas heretofore not been ascertained in any system.
to allow cell growth, although with varying degrees ofUsing Northern analysis of RNA isolated from a variety
effectiveness (Kelly and Deutscher, 1992a). However,of RNase-deficient E. coli strains, we have identified
these studies did not reveal what might be the specificthe processing intermediates that accumulate in the
role in tRNA maturation of any of the RNases. Someabsence of specific processing nucleases. From this
insight into this latter question was obtained from ininformation we have established the maturation path-
vitro studies in which mutant extracts or purified RNasesways for 12 different E. coli tRNAs including the spe-
were examined for their ability to convert precursors tocific role of each of the relevant RNases in the process.
tRNATyrsu31 and tRNA2Arg to their mature forms (Li andThe surprising conclusion from this work is that tRNA
Deutscher, 1994). Based on this work, the preferred re-maturation is a stochastic process that lacks a defined
action in vitro for each of the RNases was determined.order and that can proceed with a variety of alternative
While the earlier studies provided necessary back-39 processing nucleases.
ground information, the most revealing questions re-
mained unanswered: What exoribonucleases are mostIntroduction
important for tRNA maturation in vivo? What are their
specific roles in the maturation process? Do they serveDuring the course of their biosynthesis, tRNA precursors
the same function for all tRNAs? and What is the pro-undergo a series of processing events that convert a
cessing pathway for a tRNA precursor? To answer theseprimary transcript to a mature, functional molecule
questions, we have used high resolution Northern analy-(Deutscher, 1995). However, despite extensive work
sis to examine the in vivo state of 12 different tRNAover many years, we are only beginning to understand
precursors in a variety of mutant strains lacking onethe details of this maturation process. In Escherichia
or multiple exoribonucleases. Our studies have showncoli, where our knowledge of the process is most ad-
conclusively that 39 exoribonucleolytic trimming of tRNAvanced, tRNA maturation consists of removal of precur-
precursors is an integral part of the maturation process,sor-specific residues from both the 59 and 39 termini of
that the specific role of different exoribonucleases dif-the RNA chain (Deutscher, 1995). At the 59 terminus this
fers with the tRNA precursor, and that an endonucleo-is accomplished by a single endonucleolytic cleavage
lytic cleavage is required to separate a tRNA from aby RNase P, which generates the mature 59 end of tRNA
long 39 trailer sequence containing a cotranscribed(Altman et al., 1995). In contrast, maturation of the 39
mRNA. This information has allowed us to reconstructterminus appears to be a multistep process that utilizes
for the first time the complete maturation process fora number of different enzymes (Deutscher, 1990).
an RNA molecule. Unexpectedly, these data show thatEarly work suggested that 39 processing of bacterial
tRNA maturation does not follow a defined processingtRNA precursors would involve an initial endonucleolytic
pathway.cleavage followed by one or more exonucleolytic trim-
ming reactions (Bikoff and Gefter, 1975; Sekiya et al.,
1979). However, the identities of the RNases responsible Results
for these events were unknown. Subsequently, six exori-
bonucleases able to remove nucleotides from the 39 Large Precursors Do Not Accumulate in
Exoribonuclease-Deficient Cellsends of tRNA precursors in vitro were identified, al-
though their involvement in tRNA maturation in vivo re- We have used Northern analysis to examine the tRNA
products that accumulate in RNase-deficient cells.mained unclear (Deutscher, 1993). These enzymes are
RNase D, RNase BN, RNase T, RNase PH, RNase II, and Through a combination of specific oligonucleotide
probes and controlled temperatures and times for hy-polynucleotide phosphorylase (PNPase). The existence
bridization and washing, we have established conditions
that detect only a single tRNA species. Thus, as shown
*Present address: Department of Psychiatry, Connecticut Mental in Figure 1A, a probe designed to detect tRNA1Tyr, givesHealth Center, Yale University School of Medicine, New Haven, Con-
no signal in a strain in which the tyrT gene is deletednecticut 06508.
(DtyrT) even though tRNA2Tyr, which is still present, differs†Present address: Department of Biochemistry and Molecular Biol-
ogy, University of Miami School of Medicine, Miami, Florida 33101. by only two adjacent nucleotides. In all cases, probes
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Figure 1. Northern Analysis of tRNA1Tyr and
tRNA2Arg at Low Resolution
Total RNA samples were isolated from 14 ml
of culture as described in Experimental Pro-
cedures and dissolved in gel loading buffer
in a volume of 240 ml per A550 of culture. Ten
ml of RNA sample was subjected to electro-
phoresis and Northern analysis as in Experi-
mental Procedures except that the xylene cy-
anol dye was run for only 7 cm. Hybridization
was at 378C for each tRNA. (A) tRNA1Tyr; (B)
tRNA2Arg.
were synthesized to have the least amount of sequence Northern analysis at higher resolution, these exoribo-
nucleases are required to complete the 39 maturationhomology with tRNAs other than the one of interest.
This, coupled with control of the stringency of hybridiza- of tRNA.
tion and washing to allow only the most stable hybrid
to form, enabled us to examine many tRNA species Detailed Analyses of Individual tRNA Species
Using mutant strains, we have carried out a detailedindividually.
We first examined whether the absence of multiple analysis of the roles of RNases II, D, BN, T, and PH in
the 39 maturation of 12 different E. coli tRNAs (Table 1).exoribonucleases had any effect on either the 59 endo-
nucleolytic cleavage carried out by RNase P or on the This group includes tRNAs that vary in length from 74 to
95 nucleotides, that have different types of downstreamremoval of long 39 trailer sequences, such as are found
in the initial transcript of tRNA1Tyr (Rossi et al., 1981). As sequences and RNAs, that vary in location within oper-
ons, and that are present at different copy numbers. Weshown in Figure 1, the only products detected in vivo
with probes directed against tRNA1Tyr (Figure 1A) or believe that this varied and large sampling is representa-
tive of most of the types of tRNA transcripts that aretRNA2Arg (Figure 1B) are very close in size to the mature
tRNA species. This is true even in a series of strains encountered in E. coli, and should provide a clear indica-
tion of the importance of individual exoribonucleaseslacking various combinations of four different exoribo-
nucleases and which are known to be severely affected for the maturation of tRNA. It should be noted, that
unless indicated, PNPase is still present in the RNase-in growth and tRNA maturation (e.g., PH2, T2, II2, BN2;
PH2, T2, D2, BN2; PH2, T2, D2, II2). These data indicate deficient strains.
that conversion of nascent transcripts or large interme-
diates to products of close to mature size can proceed Maturation of the tRNATyr Family
Three members of the tRNATyr family were examined:in the absence of most of the known cellular exoribo-
nucleases. However, as will be shown below using tRNA1Tyr, tRNA2Tyr, and tRNATyrsu31. The first two species
Table 1. tRNA Species Examined in This Study
tRNA Residues after Number of
tRNA Length Mature tRNA Downstream Chromosomal
Species (nt) Sequencea RNA Genes Reference
Tyr1 85 UCACUUU Tyr1 or rtT mRNA 2 Fournier and Ozeki (1985)
Tyr2 85 AUUUCGG Gly2 1 An and Friesen (1980)
Tyr su31 85 UCACUUU rtT mRNA (1)b Reuven and Deutscher (1993)
Val1 76 CUUUCUC or Val1 or Lys 3 Komine et al. (1990)
CUUC
Val2A 77 GAUUUUC None 1 ’’
Val2B 77 UCCU Val2A 1 ’’
Ser3 93 UUU Arg2 1 ’’
Arg2 77 UCUCUUa or Arg2 or None 4 ’’
UAUUCUC(A)
Cys 74 CUUUCUU Leu4 1 ’’
Gly2 75 AGAUGU Thr3 1 An and Friesen (1980)
Sel-Cys 95 AAAUGCC Unknown 1 Leinfelder et al. (1988)
Trp 76 GAAAUCA None 1 Fournier and Ozeki (1985)
a The 7 nucleotides immediately following the 39-CCA sequence of tRNA are shown. If fewer nucleotides are present between the tRNA and
a downstream RNA, only those residues are shown.
b Present on the single-copy plasmid pOU61.
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differ by two adjacent nucleotides in the variable loop
region,and tRNATyrsu31 differs from tRNA1Tyr by one nucle-
otide substitution in the anticodon sequence. The matu-
ration of tRNA1Tyr and its su31 derivative have been exam-
ined in a number of earlier studies (Bikoff and Gefter,
1975; Schedl et al., 1976), and much of our general
knowledge of tRNA processing comes from work with
these molecules. Because of this, we have examined
the invivo maturation of these species in themost detail.
Figure 2A shows a Northern analysis of tRNA1Tyr using
electrophoresis conditions that can resolve RNAs with
length differences of one nucleotide. The sizes of the
tRNA products werecalibrated using a commercial sam-
ple of tRNATyr (lane 2), and in some cases, a DNA se-
quencing ladder. As in Figure 1, no signal is obtained
when RNA from a DtyrT strain is probed (lane 1), showing
the specificity of the analysis conditions. Only a single
band the size of mature tRNA1Tyr is present in RNA from
a wild-type cell (lane 3) indicating that tRNA precursors
are processed very rapidly and do not accumulate when
the full complement of RNases is available. Likewise,
strains lacking RNase T (lane 5) or RNases D, II, and BN
(lane 7) show only mature tRNA1Tyr, while a strain lacking
RNase PH (lane 4) accumulates a small amount of a
precursor with 2 additional residues.
In contrast, elimination of both RNases T and PH leads
to the accumulation of a substantial amount of product
with 2 or 3 extra residues (lane 6) indicating that these
two RNases play an important role in the maturation of
tRNA1Tyr and that at least one of them needs to be present
for proper processing of this tRNA in vivo. This conclu-
sion is reinforced by data from quadruple mutants in
which only one of the five tRNA-processing exoribo-
nucleases is present (lane 8–12). When either RNase T
or RNase PH is available, predominantly mature tRNA
is made (lane 8 and 9). However, when both RNases are
missing, precursors accumulate (lanes 10–12), with the
largest amount in a cell with only RNase II (lane 11).
Quantitation of the data in Figure 2A, presented in Table
2, indicates that as much as 70% of the tRNA1Tyr may be Figure 2. Northern Analysis of the tRNATyr Family
present in precursor form when various exoribo- Total RNA was prepared as described for Figure 1. For analysis of
nucleases, particularly T and PH, are absent. These pre- tRNATyrsu31, cells contained the single copy plasmid, pOUCCA. Four
cursors may be as much as 4 residues longer than ma- ml of sample, containing 6–9 mg of RNA, was subjected to electro-
phoresis as in Figure 1 except that the xylene cyanol was allowedture tRNA. Interestingly, very little of the 11 precursor
to migrate 29 cm to give single nucleotide resolution. The bottomaccumulates in any of the mutant strains, suggesting
8 cm of the gel, containing the tRNA-size molecules, was transferredthat this residue is efficiently removed by whatever
to a membrane and analyzed by Northern blotting as described in
RNases remain. Experimental Procedures. Hybridization was at the temperatures
The extra residues found on the precursors accumu- indicated below, and membranes were washed at increasing tem-
lating in the mutants must be present at the 39 end peratures to eliminate nonspecific signals. The oligonucleotide
probes used aredescribed in Experimental Procedures. Commercialbecause primer extension analysis of RNA from wild-
tRNATyr (0.2 mg) was used as a size standard, and its position (M)type and some mutant cells showed the expected ma-
is indicated. (A) tRNA1Tyr, hybridization at 378C; (B) tRNA2Tyr, hybridiza-ture 59 terminus (data not shown). Moreover, earlier in
tion at 258C; (C) tRNATyrsu31, hybridization at 258C. Strain CA244vitro studies demonstrated directly that these 39→59 ex-
lacking the pOUCCA plasmid was used as the negative control
oribonucleases could remove the extra residues from (lane 1).
precursor molecules (Li and Deutscher, 1994). Thus, the
accumulation of tRNA1Tyr precursors in the various mutant
difference in the efficiency with which RNase T andstrains is directly attributable to the exoribonucleases
RNase PH act on the tRNA precursor (Figure 3). Removalabsent in those strains.
of RNaseT (lane 3) had noeffect on processing, whereasTo stress the mutant cells further, we have carried
removal of RNase PH (lane 2) had a significant influence.out similar experiments with cells in which the tyrT gene
Likewise, when only RNase PH was present (lane 7),was present on plasmid pBR325 and in which tRNA1Tyr is
tRNA processing was complete, whereas when RNaseoverexpressed z20-fold (Reuven and Deutscher, 1993).
Under these conditions it was possible to discern a T was the only RNase remaining (lane 6), a substantial
Cell
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Table 2. Production of Mature tRNA in Exoribonuclease Deficient Strains
Mature tRNA in Strains Lacking RNases (%)a
tRNA D2II2 PH2D2 T2D2 PH2T2 PH2T2 PH2T2
Species WT PH2 T2 PH2T2 BN2 II2BN2 II2BN2 II2BN2 D2BN2 D2II2
Tyr1 100 96 100 50 100 93 100 54 27 56
TYR2 100 97 100 82 100 100 96 91 73 96
Tyr su31/pOU61 100 ND ND 66 100 86 88 44 7 21
Tyr1/pBR325 100 89 100 54 100 79 100 49 48 42
Val1 100 76 100 74 98 50 95 59 50 56
Val2A 100 97 95 67 89 87 93 78 23 67
Val2B 100 92 100 73 91 28 91 74 33 34
Ser3 100 100 100 58 94 93 97 58 48 47
Arg2 100 100 100 74 100 93 95 87 65 89
Cys 100 100 100 80 100 88 91 78 41 77
Gly2 100 100 100 83 100 96 95 60 58 59
Sel-Cys 100 100 100 74 100 96 96 93 50 99
Trp 100 100 100 100 100 100 100 100 62 72
a Quantitation of the Northern analyses was done by either Phosphoimager or b-Scope scanning of the membrane or by densitometric scanning
of X-ray films. The values from the different methods agreed within 10%. The data are expressed as the percentage of total radioactivity that
is present in the mature tRNA band.
ND, no data.
amount of precursor accumulated. These data lead to is observed in certain strains, particularly if RNase PH
and RNase T are absent, even strains containing onlythe conclusion that RNase PH is more effective than
RNase T in the 39 processing of tRNA1Tyr, and that in the RNase D (lane 8), RNase II (lane 9), or RNase BN (lane
10) are reasonably efficient in processing this precursorpresence of excess substrate, RNase PH can convert
more to the mature form. tRNA. This contrasts with the maturation of tRNA1Tyr (Fig-
ure 2A; Table 2) for which strains containing only RNaseIt is also evident from the data in Figure 3 that when
RNase D (lane 8) or RNase BN (lane 10) is the only tRNA- D, RNase II, or RNaseBN are relatively ineffective. These
data demonstrate that the maturation of very closelyprocessing exoribonuclease present, there is a major
reduction in the total tRNA1Tyr signal. Based on the South- related tRNAs can differ with respect to which pro-
cessing enzymes carry out the trimming of 39 precursor-ern hybridization shown in Figure 4A, this effect is due
to a much lower plasmid gene copy number in these specific residues.
We have also examined the maturation of tRNATyrsu31two RNase-deficient strains.
The maturation of tRNA2Tyr in the exoribonuclease-defi- expressed from the single-copy plasmid, pOUCCA
(Reuven and Deutscher, 1993). The use of a single-copycient strains differs markedly from that of tRNA1Tyr (Figure
2B; Table 2). Although a small reduction in maturation plasmid allowed for direct comparison of the maturation
Figure 4. Southern Analysis of the Genes for tRNA1Tyr and tRNATyrsu31
Total DNA was isolated from strains carrying either pBRTyrT (A) or
pOUCCA (B). Approximately 10 mg of DNA digested wih PvuII was
loaded for each sample and analyzed as described in Experimental
Figure 3. Northern Analysis of tRNA1Tyr, Expressed from a Multicopy Procedures. Hybridization with the tRNA1Tyr-specific oligonucleotide,
Plasmid which detects both the chromosomal and plasmid-borne copies of
the tyrT and su31 genes, was carried out at 378C. DNA from strainTotal RNA was prepared as described for Figure 1 from strains
carrying the plasmid pBRTyrT. Analysis was carried out as described CA244 (WT) and CA244DTyrT (DTyrT) served as positive and nega-
tive controls for the chromosomal band. Arrows on the left indicatefor Figure 2 using hybridization at 378C. The size of mature tRNA1Tyr
(M) is indicated. the positions of the chromosomal (chr) and plasmid (pl) genes.
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of the suppressor tRNA with that of the chromosome-
borne tyrT gene encoding tRNA1Tyr, which differs from
the suppressor tRNA by a single anticodon nucleotide.
As shown in Figure 2C, the probe used to detect the
suppressor tRNA is highly specific with almost no signal
due to tRNA1Tyr or tRNA2Tyr in a strain lacking the plasmid
(lane 1). The data in Figure 2C and Table 2 show that
maturation of the suppressor tRNA is similar to that of
its parent tRNA1Tyr (Figure 2A) in that RNases T and PH
are of most importance and RNases D, II, or BN (lanes
7–9) are processing poorly. However, maturation of the
suppressor tRNA with either of the latter three enzymes
alone is much less complete than with tRNA1Tyr (Table 2).
These findings are in complete agreement with earlier in
vitro studies of tRNATyrsu31 maturation (Li and Deutscher,
1994) and with measurements of suppressor activity in
RNase deficient strains (Reuven and Deutscher, 1993).
Interestingly, as was observed when tyrT is carried
on a pBR plasmid (Figure 3), strains with only RNase D
(lane 7) or RNase BN (lane 9) give only a weak tRNATyrsu31
signal. As before, Southern blotting indicated that this
is due to a lower amount of the plasmid-borne tRNA
gene (Figure 4B). Why these mutations affect the level
of the plasmid-borne tRNA gene is not yet understood.
Maturation of the tRNAVal Family
To extend the information obtained with the tRNATyr mol-
ecules, Northern analysis of another family of tRNAs,
that of tRNAVal, was also carried out. The three known
tRNA species of the val family, tRNA1Val, tRNA2VAal and
tRNA2VBal, although similar in length, differ in several re-
gions of their nucleotide sequence (Fournier and Ozeki,
1985). Accordingly, each was examined by Northern
analysis with a tRNA-specific oligonucleotide probe (see
Experimental Procedures).
Northern analysis of tRNA1Val is shown in Figure 5A and
is quantitated in Table 2. Complete maturation of this
tRNA species is more strongly dependent on RNase PH
than in any other tRNA examined. In the absence of
this enzyme (lanes 2, 4, 6, and 8–10) large amounts
of precursors accumulate that contain up to 5 extra
nucleotide residues. Although other exoribonucleases
can substitute for RNase PH to a limited degree since
Figure 5. Northern Analysis of the tRNAVal Familysome mature tRNA is made in its absence, none is as
Total RNA was prepared and analyzed as in Figures 1 and 2. Gelsefficient as RNase PH. In fact, even when RNase PH is
were run until the xylene cyanol marker had migrated 26 cm. Hybrid-present alone (lane 7), almost complete maturation of
ization was carried out at the temperatures indicated using thetRNA1Val is observed despite the absence of the other 4 oligonucleotide probes described in Experimental Procedures. (A)
exoribonucleases. tRNA1Val, 378C; (B) tRNA2VAal, 448C; (C) tRNA2VBal, 378C.
Maturation of tRNA2VAal differs from that of tRNA1Val in
several respects (Figure 5B; Table 2). A significant level
T (lane 6) or RNase BN (lane 10) are present alone. RNaseof processing intermediates accumulates in all the mu-
T does not process this tRNA species very well, leavingtant strains indicating that each of the exoribonucleases
a majority of products with 13 or 14 residues. However,contributes to the overall maturation of this tRNA spe-
since the 11 or 12 intermediates do not accumulate,cies. However, the relative effectiveness of the various
RNase T must act efficiently on these forms once theyRNases for processing tRNA2VAal differs. Thus, in the pres-
are made. Likewise, RNase BN is not very active on theence of either RNase T (lane 6) or RNase PH (lane 7)
14 intermediate, leading to its accumulation when onlyalone, close to 90% of the tRNA is found in mature form
this exoribonuclease is present. In contrast, RNase PH(Table 2). This drops to 78% with RNase D alone (lane
(lane 7) and RNase D (lane 8), when present alone, are8), 67% with RNase BN (lane 10), and only 23% with
able to complete 39 processing of tRNA2VBal. Based onRNase II (lane 9). In the latter case, precursors with up
these data, we would expect that RNase PH or D wouldto 5 extra nucleotides accumulate.
be largely responsible for removal of the 13 and 14Maturation of tRNA2VBal differs yet again (Figure 5C; Ta-
ble 2). The major differences are evident when RNase residues of this precursor, but that most of the RNases
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could remove the 11 and 12 residues. RNase II, as with
all the tRNAs examined (Table 2), is relatively poor at
removing precursor residues within 3 or 4 nucleotides
following the -CCA sequence.
The differential activity of the various RNases sug-
gested by the Northern analyses was strongly supported
by experiments in which the accumulated intermediates
of tRNA2VBal were treated with purified RNases in vitro
(data not shown). Thus, purified RNase T had little effect
on the 13 and 14 precursors that accumulate in an
RNase PH2, D2, II2, BN2 cell. In contrast, RNase T was
quite active on the products that accumulate in an
RNase PH2, T2, D2, BN2 strain, complementing the par-
tial maturation carried out by RNase II. As expected,
because it was already present in all the strains, purified
PNPase did not shorten any of the accumulated precur-
sors. On the other hand, RNase II could remove the
14 residue from tRNA2VBal, although it could not remove
residues closer to the -CCA sequence.
Maturation of Other tRNA Species
Six additional tRNA species were examined by Northern
analysis. These were tRNA3Ser, tRNA2Arg, tRNACys, tRNA2Gly,
tRNASelCys, and tRNATrp, which represent tRNAs of various Figure 6. Synthesis of tRNA1Tyr and rtT mRNA in Cells Lacking Both
sizes, transcription units, and 39 flanking sequences (see RNase II and PNPase
Table 1). Quantitation of these analyses is detailed in Cells were grown in Luria Broth supplemented with glucose (0.2%)
Table 2. and ampicillin (50 mg/ml) at 308C. At time 0 the temperature of the
cultures was shifted to 458C and samples were withdrawn at variousThe maturation of tRNA3Ser is similar to that of tRNA1Tyr
times to measure growth (A), RNase II activity (B) and the levels ofdescribed earlier in that precursors accumulate only in
tRNA1Tyr (C) and rtT mRNA (D). RNA samples at each time point werecells missing both RNase T and RNase PH. tRNA3Ser is
prepared and analyzed as in Figure 1. Hybridization was at 378Ccotranscribed with a downstream tRNA2Arg with only 3 for tRNA1Tyr and at 428C for rtT mRNA with the probes described in
U residues separating the two tRNAs. After RNase P Experimental Procedures.
cleavage of the downstream tRNA2Arg, only these three
extra 39 nucleotides would remain on the tRNA3Ser precur-
sor. Nevertheless, RNases D, II, or BN, when each is the been identified. Moreover, as Northern blotting reveals
only 39 tRNA processing enzyme present in the cell, are that the rtT mRNA is present at low levels compared
relatively inefficient in removing the 3 U nucleotides.
with tRNA1Tyr (data not shown), it is possible that the 39This suggests that simply the length of the 39 tail might
trailers of most of the transcripts are removed exo-
not be the major factor limiting the efficiency of 39 matu-
nucleolytically, and only a small portion are cleaved by
ration.
an endonuclease. In fact, in earlier work we showed
The maturation of tRNA2Arg, tRNACys, tRNA2Gly, and that RNase II and PNPase remove this 39 trailer very
tRNASelCys are quite similar. In each case, the absence
efficiently in vitro (Li and Deutscher, 1994). Alternatively,
of both RNase T and RNase PH leads to about a 20%
it is possible that rtT mRNA is subject to rapid degrada-
reduction in mature tRNA, whereas removal of RNases
tion and, therefore, does not accumulate to a significant
D, II, and BN has little effect. For tRNA2Arg, tRNACys, and level.
tRNASelCys,RNase D or BN is reasonably effective by itself To investigate in more detail how the long 39 trailer
in completing 39 processing. Again, RNase II is generally of the tRNA1Tyr transcript is removed in vivo, we overex-the least active of the enzymes when present alone. pressed this transcript from pBRTyrT-rtT in two strains
Maturation of tRNATrp proceeds efficiently as long as lacking the exoribonucleases PNPase, RNase D, RNase
either RNase PH, T, or D is present. In contrast, RNase BN, and RNase T, one of which was RNase II1 and the
II or BN, by itself, can process to completion only 60%–
other, RNase IIts. RNase PH was present in both cells.
70% of the tRNATrp.
Both cells grow equally well at 308C, but upon raising
the temperature to 458C, the latter strain ceases growth
(Figure 6A), presumably due to the rapid loss of RNaseRemoval of a Long 39 Trailer Sequence
Certain tRNA transcripts, such as that for tRNA1Tyr, con- II activity (Figure 6B), and the resultant absence of both
PNPase and RNase II, which leads to inviability (Dono-tain long 39 trailer sequences, but the mechanism by
which thesesequences are removed has not been deter- van and Kushner, 1986). Northern blotting with specific
probes was then used to examine the accumulation ofmined. In the case of the transcript including tRNA1Tyr, it
would be expected that an endonucleolytic cleavage both tRNA1Tyr and rtT-mRNA.
Based on Northern analysis, at 308C, both strains ac-would be responsible because downstream of the
tRNATyr sequence there is an mRNA, termed rtT mRNA, cumulate elevated levels of tRNA1Tyr and rtT-mRNA com-
pared to cells without the plasmid (data not shown).that encodes a small, functional protein (Basl and Kers-
ten, 1991). However, such an endoribonuclease has not After the shift to 458C, the amount of tRNA1Tyr present in
Maturation of tRNA
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both cells increases close to 6-fold over a period of 4 inactivates the temperature-sensitive RNase II, some
precursors to tRNA1Tyr, amounting to z30% of the totalhr (Figure 6C), and as will be discussed below, even in
tRNA, accumulate with time; this does not happen whenthe IIts cell at least 70% is mature tRNA. These data
either RNase II or PNPase is present (data not shown).demonstrate that mature tRNA1Tyr can be generated in
These results suggest that either RNase II or PNPasevivo in the absence of both PNPase and RNase II, and,
can participate to a small extent in removal of the lasttherefore, that some other nuclease is able to remove
few 39 residues from the precursor to tRNA1Tyr. In anthe 39 trailer sequence. The accumulation of rtT mRNA
RNase II1 strain lacking other exoribonucleases, theis quite different (Figure 6D). In the absence of RNase
presence or absence of PNPase does not influence theII (IIts strain), rtT mRNA increases about 7-fold over the
amount of tRNA1Tyr precursor that accumulates (data not4 hr period concomitant with the tRNA. This observation
shown). These data support the conclusion that PNPaseindicates that an endonucleolytic cleavage must take
can contribute slightly to tRNA maturation by substitut-place to separate the tRNA and the mRNA. In contrast,
ing for RNase II, but as with RNase II, it substitutesin the presence of RNase II there is no accumulation of
poorly for any of the other RNases in tRNA processing.rtT mRNA, and its amount decreases during the 4 hr.
However, it is also possible that PNPase does not haveThese data suggest that the usually low level of rtT
a direct effect on tRNA maturation, but rather, that itsmRNA in vivo is likely a consequence of degradation by
presence relieves RNase PH in some other process andRNase II subsequent to its production by endoribo-
makes more of it available for tRNA processing.nuclease action.
An interesting sidelight to these data is that two forms
Discussionof rtT mRNA were detected. The larger one is z170 nt
in size, the same as reported (Basl and Kersten, 1991);
The work described here provides the first detailed anal-the shorter, more abundant species has a size of z130
ysis of an RNA maturation pathway in vivo including allnt and is the only product detected in strains carrying
the relevant processing enzymes. Previous studies frompBRTyrT-rtT. Primer extension analyses indicated that
this laboratory had identified the E. coli RNases thatthe two forms differ at their 59 ends (data not shown).
influence the level of a suppressor activity in vivo (Reu-The shorter mRNA retains the putative ribosome binding
ven and Deutscher, 1993), and other studies had exam-site and presumably would be fully active for protein
ined the catalytic capabilities of each RNase in vitro (Lisynthesis. These data differ significantly from those re-
and Deutscher, 1994). With the current information, weported by Basl and Kersten (1991). However, the primer
now have a clear understanding of what each of theused in their analyses was located close to the 59 end
previously identified RNases actually contributes to
and would not have detected the shorter mRNA species.
the overall tRNA maturation process as it functions inAt present, we do not understand the reason for two
the cell. These studies were made possible by the
rtT mRNA species, but their existence raises questions
availability of a series of mutant strains that lack var-
about the location of the endonuclease cleavage(s) and
ious RNases, alone or in combination (Reuven and
whethermore than one endonuclease might be involved.
Deutscher, 1993), and by highly-specific Northern analy-
ses. The tRNA precursor species examined are repre-
sentative of a wide range of structural features and ge-Role of PNPase in tRNA Maturation
nome organization and, consequently, should provide
It has been difficult to assess the involvement of PNPase
information on most types of tRNA precursors that are
in tRNA maturation because of the limitation in con- encountered in an E. coli cell.
structing suitable mutant strains. For example, cells Several important generalizations about tRNA pro-
containing only PNPase, but lacking the exoribo- cessing in vivo emerge from this work: first, maturation
nucleases, RNases II, D, BN, T, and PH, are inviable of the 39 terminus of tRNA precursors requires the direct
(Kelly and Deutscher, 1992a); likewise, cells lacking both action of exoribonucleases; second, at least five, and
PNPase and RNase II are inviable (Donovan and Kush- perhaps six, exoribonucleases can contribute to the
ner, 1986). It is known that cells lacking only PNPase maturation process; third, the importance of various ex-
are unaffected in the synthesis of tRNATyrsu31 (Reuven oribonucleases to the maturation process differs with
and Deutscher, 1993), whereas in the absence of both the particular tRNA precursor, although RNase PH and
PNPase and RNase PH, suppressor activity is greatly RNase T are usually most effective; fourth, 59 processing
decreased (Kelly et al., 1992). Recent data indicate that can proceed to completion in the absence of 39 matura-
this effect is not due to decreased synthesis of the tion; and fifth, the long 39 trailer sequence in at least
tRNATyr suppressor, but to ribosome defects (Z. Zhou one tRNA precursor is removed by an endonucleolytic
and M. P. Deutscher, unpublished data). As discussed cleavage.
above, purified PNPase does not catalyze removal of While these generalizations provide important, new
the last few nucleotides from the intermediates in the information about the tRNA maturation process, poten-
maturation of tRNA2VBal that accumulate in certain mutant tially the most important and clearly surprising conclu-
strains. However, PNPase can remove most of the long sion is that there is no defined processing pathway for
39 trailer sequence from a tRNATyrsu31 transcript (Li and a tRNA precursor. Rather, it appears that all the tRNA
Deutscher, 1994). precursors are accessible to all the RNases, and that
To help clarify the role of PNPase, and to assess any available RNase that can act on a precursor during
whether it might be able to participate in tRNA1Tyr matura- any stage in the maturation process, has the opportunity
tion in vivo, the samples analyzed in Figure 6 were sub- to do so. Under such a scenario, there would be suffi-
jected to high resolution electrophoresis prior to North- cient total RNase activity to process all the tRNA precur-
sors, and other RNAs as well, but which RNase mightern analysis. Upon shifting from 308 to 458C, which
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act on a particular RNA at a particular step would be 2), although it may play a more important role in the
stochastic. The relative effectiveness of a particular removal of residues further downstream of the tRNA 39
RNase for a specific RNA would depend on the relative terminus. Undoubtedly, the primary function of RNase
concentrations of the potential RNA substrates, the II lies elsewhere in RNA metabolism (Donovan and Kush-
binding affinities for the different RNAs, and the catalytic ner, 1986), and its influence on tRNA processing only
efficiencies for the particular reaction to be carried out. becomes significant when the other tRNA 39 processing
Thus, all RNAs would have the potential for competing enzymes are eliminated by mutation. Coburn and
with each other, and overexpression of one RNA species Mackie (1996) recently suggested, based on studieswith
would affect processing of other RNA molecules. There a model substrate, that RNase II would not act on RNAs
also would not be an obligatory order for tRNA pro- lacking at least 10 protrudingunpaired nucleotides adja-
cessing that applied to all tRNA species or even to all cent to a duplex structure. Our in vivo data indicate that
molecules of a single species. Whether such a stochas- RNase II can remove nucleotides, albeit slowly, that are
tic mechanism applies to other RNA maturation pro- much closer to a duplex, generating mature tRNA in
cesses remains to be determined. At a minimum, these which only 4 unpaired nucleotides protrude from the
observations raise the possibility that defined pro- aminoacyl stem.
cessing pathways do not exist, and they may explain Whether PNPase can participate in tRNA maturation
why mutations in processing enzymes often result in no in vivo remains unclear. We have presented some evi-
phenotype and why studies with different precursors dence that PNPase may be able to function in this pro-
often lead to differing conclusions about the order of cess to a limited degree based on the more complete
processing events. maturation of tRNA1Tyr in a cell containing both RNase
As an example, RNase P is known to act most effi- PH and PNPase compared to one with RNase PH alone.
ciently on tRNA precursors with short 39 trailer se- However, PNPase is not necessary when RNase II is
quences, although it does have some level of activity present, suggesting that its role overlaps with that en-
even on molecules with long 39 trailers (Altman et al., zyme. PNPase and RNase II prefer unstructured RNAs
1987). Thus, under most circumstances RNase P would as substrates (Deutscher, 1993), so that their major role
not cleave at the 59 end until most of the 39 trailer was in tRNA maturation would probably be limited to action
removed. However, in a fraction of the molecules, that on longer 39 trailers, as has been shown in vitro (Li
could vary with the precursor, RNase P might act even
and Deutscher, 1994). As we have now shown that an
before removal of the 39 trailer. If the reaction that re-
endonuclease exists that can remove these residues,
moves the long 39 trailer were slowed down, perhaps
the involvement of RNase II and PNPase in 39 trailer
by elimination of the 39 endonuclease, then it would not
removal is less certain. Identification and elimination bybe surprising to observe that RNase P cleaved first in
mutation of the relevant endonuclease should help to
a majority of the molecules. In the studies described
resolve this point.here, tRNA precursors are processed by RNase P to
A final question remaining is why there are so manycompletion whether or not a short 39 trailer remains.
RNases that participate in maturation of the 39 end ofRNase P action on 39-shortened precursors is the fa-
tRNA. We suspect that this situation is more apparentvored reaction, but whether it occurs on all tRNA precur-
than real. The multiple exoribonucleases are needed forsors prior to removal of the last 39 residues cannot be
many different processes within cells, some of whichascertained, and probably differs with different precur-
require a subspectrum of all the available enzymes. Forsors and even among molecules of a single precursor
example, RNase II or PNPase is essential for mRNAspecies.
degradation (Donovan and Kushner, 1986), RNase T isRemoval of the last few 39 nucleotides is clearly the
required for 5S RNA maturation (Li and Deutscher, 1995),most promiscuous of all the tRNA processing events
and RNase PH or PNPase is needed for ribosome bio-because there are multiple exoribonucleases that can
genesis (Z. Zhou and M. P. Deutscher, unpublishedcatalyze the trimming reactions. RNase PH and RNase
data). Thus, for many of these enzymes their primaryT carry out these reactions most effectively, but this is
function may lie elsewhere, but their specificity is suchnot uniformly true. For example, while RNase PH is ac-
that they also might be able to act on certain tRNAtive on all tRNA species tested, RNase T acts very poorly
precursors when the primary enzyme(s) for this processon the tRNA2VBal intermediates with 3 or 4 extra 39 nucleo-
have been eliminated. Inasmuch as mutant strains lack-tides; however, the 11 and 12 residues of this precursor
ing RNases D, II, and BN show very little effect on tRNAare removed rapidly by RNase T (Figure 5C, lane 6).
maturation (Table 2), we suspect that RNases PH andRNases D and BN are generally less active compared
T are the primary enzymes responsible for 39 tRNA pro-with RNases PH and T when present as the only pro-
cessing for most precursors. However, for certain tRNAcessing exoribonucleases, but for some precursors,
precursors one of the other exoribonucleases may havesuch as tRNA2Tyr and tRNASelCys, these enzymes work very
the primary role.well. Likewise, RNase D processes tRNATrp effectively
(Table 2). The structural basis for these differences is
Experimental Proceduresnot understood. No obvious effect due to tRNA length
or residues following the mature sequence (Table 1) has
Bacterial Strains and Plasmidsyet emerged. The use of chimeric tRNA precursors or
E. coli K12 strain CA244 (lacZ, trp, relA, spoT) (Reuven and
mutation of precursor-specific residues might help to Deutscher, 1993) was considered wild type for these studies. Strain
clarify this issue. CA244DTyrT was constructed by P1 transduction using a strain with
RNase II is the least effective of the five exoribo- a deleted tyrT gene kindly provided by Dr. H. Kersten (Basl and
Kersten, 1991). Exoribonuclease-deficient derivatives of CA244 andnucleases in removing the last few 39 nucleotides (Table
Maturation of tRNA
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CA244DTyrT were reported previously (Reuven and Deutscher, prehybridized for 30 min in buffer containing 43 SSC, 0.5% SDS,
13 Denhardt solution, 0.1 mg/ml denatured salmon sperm DNA.1993; Kelly and Deutscher, 1992a; Li and Deutscher, 1994, 1995).
Strain 18-11IItsPNP2T2—which is deficient in PNPase, RNase T, Hybridization was carried out overnight in the same buffer con-
taining 0.1% SDS and the 32P-labeled probe. The membrane wasRNase D, and RNase BN, and also contains a temperature-sensitive
RNase II—was prepared by cotransduction of a mutant rnt gene washed twice for 15 min each with 43 SSC–0.1% SDS prior to
autoradiography. The same temperature was used for prehybridiza-with a nearby Tn10 insertion into strain 18-11IItsPNP2(tetS)(Li and
Deutscher, 1994). Tetracycline-resistant colonies were assayed to tion, hybridization, and washing for each specific probe. However,
different temperatures were used with different probes as indicatedidentify those that had lost RNase T activity. Likewise, strain 18-
11II1PNP2T2—which lacks PNPase, RNase T, RNase D and RNase in the figure legends.
BN, but contains RNase II—was constructed in a similar fashion
using a II1 recipient. The mutations in PNPase, RNase D, RNase T, Southern Analysis
and RNase PH are nulls. The mutations in RNase II and RNase BN Total DNA was isolated from cells grown to an A550 ≈ 1. The DNA
have not been defined, but they lead to >98% loss of the relevant was digested to completion with PvuII, and then loaded on a 1%
activity. All the strains used in this study are stable. Previous work agarose gel. After separation of the fragments, the DNA was trans-
(Kelly and Deutscher, 1992a) has also shown that inactivation of one ferred to a GeneScreen Plus membrane. The membrane was prehy-
or more RNases does not lead to overexpression of the remaining bridized in 10% dextran sulfate–1% SDS–1 M NaCl for 15 min, as
enzymes. Thus, expression of the various exoribonucleases appears per manufacturer’s recommendations, followed by the addition of
to be independent. denatured salmon sperm DNA (final concentration, 0.1 mg/ml) and
Plasmids pBRTyrT and pOUCCA have been reported (Reuven and a 32P-labeled oligonucleotide probe. Hybridization was continued
Deutscher, 1993). Plasmid pBRTyrT-rtT was constructed by placing overnight. The membrane was washed twice for 30 min each with
a 178 bp HindIII fragment containing part of the rtT gene from the 2 3 SSC–1% SDS prior to autoradiography.
tyrT operon (Basl and Kersten, 1991) into the HindIII site of pBRTyrT.
The sequence of this construct was confirmed by DNA sequencing.
Primer ExtensionpBRTyrT-rtT contains a single copy of the tyrT gene, encoding
The protocol for primer extension was the same as previously de-tRNA1Tyr, followed by the rtT gene and a major terminator sequence
scribed (Li and Deutscher, 1995) except that different amounts ofof the tyrT operon.
RNA and 32P-labeled primer were used.
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